Abstract-An improved design of Teflon photonic crystal fiber with a porous air-core is presented for low-loss terahertz guidance. Optimization of total power confinement in the air-holes, together both in the cladding and core regions, is carried out for both quasi-TE and quasi-TM polarizations by using a full-vectorial finite element method. To achieve the polarization maintenance, modal birefringence is enhanced by destroying the circular symmetry with the introduction of unequal size air-holes in the first ring.
they were miniaturized and used guided-wave systems. So, development of low-loss waveguides is essential for the wider adaptation of this THz technology.
Previously, several conventional structures for guiding THz wave were demonstrated, such as bare metal wires [15] , and circular and rectangular metal waveguides [16] . However, these structures suffered from very high losses. THz waves have negligible loss in dry-air, which has attracted the interest in developing low-loss waveguiding through the air. Pipe waveguide, which is a cylindrical metal tube, is an example of air-core waveguide with low-loss [17] . Subsequently, it has also been shown that a thin layer of dielectric coating inside the metal surface can reduce the modal loss significantly [18] . Dielectric structure has also been proposed for THz wave [19] . Typically, dielectric waveguide suffers of high modal loss due to the higher dielectric loss or conduction loss values of most commercially available materials in the THz region. Recently, new polymer materials have been developed to construct flexible and low-loss dielectric waveguide such as polyethylene (PE) [20] , low-density PE [21] , high-density PE [22] , [23] , polymethyl methacrylate (PMMA) [24] , [25] and polycarbonate (PC). Among these, Topas [26] and Teflon [27] , [28] are showing lower material loss and recently, several polymer waveguide structures have been reported based on these materials. On the other hand, hollow core [29] and microstructure fiber [30] , [31] can also guide THz wave in air-core based on either antiresonant reflection (ARROW) or photonic bandgap. Porous core fiber [32] [33] [34] guides THz wave predominantly in air based on modified total internal reflection (TIR). These provide a very flexible waveguiding and relatively low absorption. Although guiding in air-clad with air-filled porous core offers low absorption loss, however, lower index contrast between core and cladding not only increases bending loss, but presence of any other material to support these guides will also perturb the guiding properties significantly. Atakaramians et al. [25] have also fabricated spider-web and rectangular porous THz polymer fiber with low-loss and low-dispersion and these can be practically used for THz biosensing.
A new-type of optical waveguide, microstructured optical fiber with air-holes running along its axis (commonly referred to as photonic crystal fiber, PCF) utilizes modified-TIR to guide the light inside a core is being widely used by the photonics community. Since air has a lower loss, having a large air fraction ratio makes it possible to reduce the loss for THz guiding, and PCF with porous clad has been reported by Han [23] and Goto [27] . Dielectric waveguide with porous core has also been reported [33] . Recently, a novel structure has been proposed by Uthman et al. [35] by combining both the advantages, using both porous core and porous clad. In this case, the structural geometry of the Teflon PCF were optimized to allow large fraction of the power to be confined in the porous core, which reduced the overall modal loss. Similarly, Hassani et al. [36] has reported that polymer PCF with porous core influences the modal properties significantly and increases the power confinement in the air-core and reduces the absorption losses.
A variety of PCF designs have been considered to exploit their single mode property, adjustable spot-size, dispersion and also higher modal birefringence properties. These are controllable by adjusting the geometrical parameters of a PCF. The design objective of Kejalakshmy et al. [37] was to increase the modal birefringence by breaking the natural symmetry of regular sized circular air-holes near the core in the first ring (d 2 ). A better performance was achieved if four out of six airholes in the first ring is increased, d 2 > d (Fig. 1) . Rahman et al. [38] , [39] reported that in these cases, the quasi-TM mode (H x 11 ) has a smaller effective index compared to the TE mode (H y 11 ) and as the ratio between reduced air-holes diameter and pitch (d 2 /Λ) increases this would yield a higher modal birefringence [40] . As d 2 is either decreased or increased, so that d 2 = d, and when their difference increases the modal index difference between the two fundamental polarized modes also increases.
In this paper, the design and optimization of a polarization maintaining porous core PCF is presented. A novel design approach is proposed where various waveguide parameters are optimized to reduce the modal loss and also to maintain the polarization state of THz wave by enhancing the modal birefringence of this waveguide.
II. NUMERICAL SOLUTION
The finite element method (FEM) has emerged as one of the most accurate, versatile and numerically efficient modal solution techniques. The FEM based on the full-vectorial H-field formulation is used in this study to obtain the modal solutions of porous core PCF. The intricate cross-section of a PCF can be represented by using many triangles of different shapes and sizes. This particular structure is very challenging to simulate, as the air-holes in core are three orders of magnitude smaller than the air-holes in cladding. The particular flexibility of using unequal size elements available in the FEM makes it as a preferable choice compared to the finite difference method, which not only uses inefficient regular spaced meshing, but also cannot represent well the curved dielectric interfaces of the circular air-holes. The modes in the high index contrast PCF with two-dimensional confinement are hybrid in nature, with all six components of the E and H fields being present and needs a full-vectorial approach. In this work, a H-field based rigorous full-vectorial FEM is used to obtain the modal solutions of PCF with air-holes arranged in triangular lattice in Teflon cladding operating at 1 THz. The H-field formulation developed earlier [41] is a valid approach for microwave and optical guided-wave devices including the intermediate terahertz range.
III. RESULTS
The structure designed here, the porous core along with the porous cladding, can be fabricated from low-loss Teflon operating in the THz frequency region. The number of air-holes rings in the cladding region is taken as, N clad = 4, and number of air-hole rings inside the core, is also taken as, N core = 4. However, they do not need to be equal. In this case, a similar size air-hole at the center of the core is also considered to further increase power fraction in the air-holes, which was not considered in our earlier work by Uthman et al. [35] . The structure consists of periodic air-holes with diameter d, and the pitch Λ, which is the distance between the two nearest holes. The welldeveloped conventional stack-and-draw technique can be used to fabricate the proposed PCF. With four rings inside the core, diameter of the core will be 9 × Λ i , where Λ i is the pitch of the inner air-holes or air-holes inside the core. It should be noted that, when the outer pitch denoted by Λ 0 is equal to the diameter of the porous core, in this case nine times (2 * N core + 1) of the inner pitch Λ i , then such a porous core PCF would be easier to assemble by using the stack-and-draw technique with core and cladding canes of identical diameter. In this work, the refractive index of Teflon is taken as 1.445 + j0.000715 which yields a bulk material loss of 0.3 cm −1 or 130 dB/m at the operating frequency of 1 THz (λ = 0.3 mm) [36] . The available two-fold symmetry is exploited in the numerical simulations, where only a quarter of the cross section of the porous core PCF is considered, as shown in Fig. 1 . In the numerical simulations 500000 first-order triangular elements of different sizes are used to represent a quarter of the structure.
To support the total internal reflection (TIR) guidance along the waveguide core, the equivalent index of core should be greater than that of the clad, so that inner air-hole diameter/ inner Each mode will reach to its cutoff condition when its effective index approaches the fundamental space filling mode (F SM) of the PCF cladding. Here, the effective index (n e ) is defined as n e = β/k 0 where β is the propagation constant and k 0 is the wavenumber. It can be noted that as d i /Λ i increases, effective refractive index (n FSM ) of the core reduces. Since, d 0 /Λ 0 is fixed, effective refractive index of cladding is fixed and thus the index contrast between core and cladding reduces as d i /Λ i increases. When d i /Λ i is large enough and approaches that of d 0 /Λ 0 the PCF also approaches its modal cutoff, the total power confinement in core reduces, shown in Fig. 2 by the blue dotted line with triangles and the mode field extends to the cladding region. However, an increase in d i /Λ i also increases the air-fraction inside the core, and the share of the core-power guiding through air region also increases. As a result, the power confinement in the air-holes of the core increases initially with d i /Λ i and reaches its maximum value of 55%, as shown by a black solid line with squares, then reduces as the total core power confinement reduces when the mode approaches its cutoff condition. Figure 3 shows the H x field profile of the fundamental quasi-TM (H As the core consists of very fine air-holes, so the dominant H x field profile inside the core is also influenced by their presence, which is shown in Fig. 4 . Here, locations of many tiny air holes in the core correspond to many small dips in the profile, like a golf ball surface. As the air-holes are far too small compared to the wavelength, reduction of the field values inside the low-index air-holes of the core is small.
Variations of power fractions in the cladding are shown in Fig. 5 . Earlier, in Fig. 2 , it was shown that as d i /Λ i increases, total power in the core reduces as the mode approaches its cutoff (when d i /Λ i = 0.85) and the power extends into the cladding region. Variation of the total cladding power with the d i /Λ i is shown by a blue dotted line with triangles in Fig. 5 . This confirms that the total power confinement in the cladding increases as d i /Λ i increases. However, as the d i /Λ i increases, so air-region in the cladding also increases, hence the share of the cladding power inside these air-holes also increases, which is shown by a black solid line with squares. As a result, as the total power in the cladding increases, the power fraction inside air-holes in the clad also increase but more rapidly, as shown in Fig. 5 . Figure 6 shows the total power confinement in the air-holes by combining the power confinement in all the air-holes, both in the cladding and also inside the core. A maximum power confinement of 80% can be observed with d i /Λ i as the mode approaches its cutoff. The total power confinement is limited by the power transfer from air-core (air-holes in core) to aircladding (air-holes in the cladding) region when the cutoff condition is reached. This is indicated by the convergence of the power confinement fraction from the two regions.
Total power confinement in the air-holes depends on the intricate relation between the Λ, d i /Λ i and d 0 /Λ 0 for a given operating frequency. Next, effect of the outer air-hole to pitch Next, the total power confinement in the air is shown in Fig. 8 . Although variation of Γ air -core shows higher peak for higher d 0 /Λ 0 value, however, the total power confinement in all the air-holes, Γ air−total shown by pink broken line with down triangles for d 0 /Λ 0 = 0.97 and by a blue solid line with up triangles for d 0 /Λ 0 = 0.95 are almost indistinguishable. However, the pink line reaches a higher maximum confinement factor as its cutoff appears at a higher d i /Λ i value. This is because, for a given Λ 0 = 0.35 mm, the structure with a larger air-hole to pitch ratio reduces the equivalent refractive index of clad (n FSM ) and extends the d i /Λ i range for the mode to reach its cutoff. Consequently, if a larger the air-hole to pitch ratio is chosen, then more power in the air-holes (both in core and cladding) can be confined before reaching the cutoff limit.
The power confinement is drastically affected by reducing the outer pitch Λ 0 of the PCF. Figure 9 shows the variations ) mode inside the core and reaching a maximum value of the power confinement of air-core. Since, the pitch is larger than the wavelength, the mode is well confined. It should be noted that, as the outer pitch Λ 0 is reduced, the inner pitch Λ i should also be reduced to maintain their constant ratio of 9, required for this design, with N core = 4. The core size is therefore reduced as the reduction of the outer pitch is considered. Variations of the air-core confinement, Γ air−core and total air-core confinement, Γ air−total are shown in Fig. 10 . It should be noted that, we should not operate a PCF very close to its modal cutoff points, but much safer would be to operate this when the Γ air−core shows its maximum value, indicating that mode is well confined dB/m from its bulk material loss value of 130 dB/m. However, instead of using identical air-holes in the cladding, by using a higher d 0 /Λ 0 in the outer most ring, it is possible to increase confinement in air-holes more than 85% by operating a PCF closer to its modal cutoff without suffering higher leakage and bending losses. This modal loss can be further reduced if we consider a d 0 /Λ 0 value larger than 0.97, as taken now and also a larger pitch, Λ. Besides these, if bulk material loss can be further reduced then flexible dielectric waveguides can be designed with a significantly lower modal loss values. However, besides reducing the modal loss our another aim was to design a low-loss PCF which can also maintain the polarization state. Conventional PCF with hexagonal air-hole arrangement has a 6-fold rotational symmetry. Although, strictly this structure does not have a 90 degrees rotational symmetry but the resultant birefringence is often very small. The modal birefringence of PCF can be increased by breaking the natural symmetry of having identical size air-holes in any given ring. Earlier [38] , it was shown that, if four out of the six air-holes in the first ring can be different than other two air-holes, then maximum birefringence can be achieved and such structure can also be easily fabricated. Next, the design approach to achieve it would be to increase modal birefringence of the PCF. The resultant asymmetry of the core shape provide an effective index difference between the H x 11 and H y 11 modes. It is well known that air-holes in the first ring dominate the modal properties, such as the birefringence of such a PCF. In earlier works [37] [38] [39] , increasing the air-hole diameters of these four air-holes in the first ring was considered. In reality, as d 2 is either decreased or increased and in both cases as d 2 = d, the modal index difference between the two fundamental polarized modes will increases.
However, here as d 0 /Λ 0 for all of cladding air-holes was taken as 0.97, considered to be the maximum value in this study, so in this study, rather than increasing the d 2 /Λ 0 value from 0.97, the effect of reduction of air-hole diameter is investigated. The effect of reducing d 2 that is equivalent to changing the four air-holes in the first ring very close to the core are smaller than those of the other air-hole diameters are studied. In Fig. 11 , the variation of the power confinements of quasi-TE and quasi-TM modes with the d 2 /Λ ratio for d i /Λ i = 0.8 and Λ 0 = 0.35 mm are shown. It can be observed that the power confinement in air-holes decreases as the value of the diameter d 2 is reduced. This is due to the reduced air-hole diameter, the modal field moves more into the Teflon region so the power confinements in both the core and cladding air-holes decrease.
However, such a PCF would be able to maintain a specific input state of polarization and the corresponding modal birefringence would also be high. Since the influence of the air-holes in the first ring would be dominant to break the structural symmetry in the first ring. For this arrangement as its equivalent height is greater than its equivalent width, n x e > n y e , as a consequence of the effective index of the quasi-TM mode is higher than that of the quasi-TE mode as shown in Fig. 12 . It can be clearly observed that as the diameter of d 2 is decreased, effective index increases for both the TE and TM polarizations and the modal index difference between the two fundamental quasi-TE and quasi-TM increases, shown by a blue dotted line with stars. Changing of d 2 makes the PCF structure more asymmetric and it is shown here that birefringence value as large as 0.012 can be easily achieved and this structure can also be easily produced by using simpler stack-and-draw approaches. Although higher birefringence value of 0.026 has been reported earlier [42] but they would require a more complex fabrication process, possibly using the extrusion process.
As d 2 is reduced, the solid cladding area near these air-holes increases and field tends to move there. However, in our earlier work on HiBi PCF, maximum field was always at the center of the core. For the normal PCF, as d 2 increases the cladding area increases, but the center of the whole solid core remains at the center, at x = 0, y = 0. But in this case, as the core is not solid, it is rather porous, so its equivalent index is smaller than that of Teflon whereas area in cladding just left d 2 is pure Teflon with a slightly higher index. It can be observed the field is more confined in the horizontal direction due to the presence of a larger air-hole (with diameter d) on the x-axis compared to the field confinement in the vertical direction where a smaller air-hole (with diameter d 2 ) allows field enhancement there. Field contour showing its maximum location moved up from the center as shown in Fig. 13 . When d 2 is reduced further, the mode-field center moves up along the y-axis.
IV. CONCLUSION
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